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Freezing and thawingThis paper presents the results of an investigation for the application of alumina ﬁller wastes and coal ash waste for
unﬁred brick production. Mechanical test and durability assessment were carried out on unﬁred brick test
specimens made using marl clay soil and alumina ﬁller waste as a target material, and 70% mix of coal ash waste
were used as commercials additive (Portland cement and Lime) replacement. The laboratory results demonstrate
that the compressive strength resistance of the unﬁred bricks reduced as the clay replacement level increased.
The unﬁred brick test specimens made with the blended mixtures containing coal ash waste and lime tended to
achieve higher strength values when compared with the coal ash waste and Portland cement blends. The unﬁred
brick test specimens were able to withstand the repeated 48-hour freezing/thawing cycles. The results obtained
suggest that there is potential to manufacture unﬁred bricks from alumina ﬁller waste and coal ash waste.
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In order to boost environmental technologies while strengthening
economic growth and competitiveness, the development of products,
techniques, services and processes that reduce carbon dioxide emissions
and promote resources efﬁciently is on the increase worldwide. This has
accounted for the research and development interests on the possible
utilization of a wide range of waste streams arising from the biomass
sector, quarrying and construction activities. For example, one well-
established way of using waste and by-product materials is for soil
stabilization. This technique is often used to improve the geotechnical
properties of the soil, through the addition of waste and by-product
materials and cementing agents like Portland cement, lime, and asphalt.
Replacement of natural soils, aggregates, and cementwith solid industrial
by-product is highly desirable. In some cases, the waste and by-product
materials are inferior to traditional soil stabilizing materials. However, if
adequate performance can be achieved, due to its lower cost, waste and
by-product materials make an attractive alternative.
More recently, there is a growing number of companies specializing
in the integralmanagement of waste and by-productmaterials, produc-
ing new environmentally friendly construction products from recycled
waste and by-product materials from the industry. However, during679047055 (mobile).
iz).
.V. Open access under CC BY-NC-ND licensetheir recycling process, secondary waste materials arise, that have no
particular application. Because of the scarcity of land and the high
costs associated with the disposal of these secondary wastes, research
studies to tackle these problems and ﬁnding beneﬁcial uses for these
secondary wastes in a controlled and safe manner, are now ongoing.
For example researchers within the faculty of advance technology,
University of Glamorgan have done extensive research work on the de-
velopment of unﬁred masonry bricks, blocks and mortar using various
waste streams and by-product materials, and full-scale trials have
been carried out (Kinuthia et al., 1999; Oti et al., 2009; Oti, 2010). The
short and long-term strategy is to reintroduce these secondary wastes
into the product cycle bymaking bricks, blocks andmortar. Others stud-
ies on the use ofwaste and by-productmaterials such as Fly ash, Ground
Granulated Blast-furnace Slag (GGBS), lime or different cement mix-
tures for making stabilized bricks have also been carried out by several
researchers (Weng et al., 2003). In addition to lime and cement, other
solidifying agents such as calcined gypsum and dextrin (A polymer of
D-glucose) have been added in the various production processes.
In all the reported studies on the possible utilization of waste and
by-product materials for building bricks production, there have been
no reported cases on the use of alumina ﬁller waste as clay replacement
material for unﬁred brick production. This researchwas designed to ad-
dress to the following main objectives: (1) to obtain the best alumina
ﬁller waste and coal ash waste mixtures for unﬁred brick production,
(2) to investigate the water absorption of the unﬁred clay bricks,
(3) to investigate the compaction effort and compressive strength resis-
tance of the unﬁred bricks and (4) to assess the durability of the unﬁred
bricks by means of repeated 48-hour freezing/thawing cycles..
Table 2
Chemical properties of PC, CL-90-S, NHL-5, AF waste and CA waste.
Oxides Portland
Cement
(PC)
Calcareous
Lime
(CL-90-S)
Natural
Hydraulic
Lime (NHL-5)
Alumina
Filler waste
(AF)
Coal Ash
waste (CA)
CaO 65 – – 1 1
Ca(OH2) – 53 90
MgO 1 – – 6 1
Al2O3 3 10 – 70 28
SiO2 25 12 – 8 52
Fe2O3 0.5 – – – 11
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2.1. Materials used
The materials used for the experimental investigation consisted
of Gray Marl (GM) clay soil, Alumina Filler (AF) waste, Portland
Cement (PC), Natural Hydraulic Lime (NHL-5), Calcareous Lime
(CL-90-S) and Coal Ash (CA) waste. The basic characterization of
these materials was carried out in accordance with the British and
European Standards and other internationally accepted engineering
standards.
2.1.1. Gray Marl (GM) clay soil
For this work, a ﬁne-grained plastic soil with high clay content
(Gray Marl clay soil) was used throughout. It was supplied by a
construction company located in the North of Span. Gray Marl clay
soil is a very changeable material when it comes in contact with the
atmosphere, which is one of its main features, coupled with its low
load-bearing capacity. This greatly limits its application in civil
engineering. The chemical and XRD analysis of Gray Marl clay soil,
gave a mineralogical composition of 51% calcite, 20% illite, 15% quartz,
5% kaolinite, 5% attapulgite and 4% ankerite. Its physical properties
are illustrated in Table 1.
2.1.2. Limes
Two different types of lime were used in this research — Natural
Hydraulic Lime (NHL-5) and Calcareous hydrated Lime (CL-90-S).
The Natural Hydraulic Lime (NHL-5) used in this practical study is
obtained from burned non-pure limestone and manufactured in
accordance with the Spanish Standard UNE-EN 459-1 (2002). The
numerical designation of an NHL corresponds to a nominal com-
pressive strength in MPa of the material after 28 days of hydration
and is indicative of hydraulicity, or ability to set underwater.
NHL-5 has a nominal strength of 5 MPa at 28 days with a hydraulic
index of around 0.47. The hydraulic properties are due to the
presence of silicates that are predominantly in the di-calcium sili-
cate form (belite), with only trace amounts of the highly reactive
tri-calcium silicates (alite). For this reason, the hydraulic lime has
a slower setting time and gain in strength overtime. On the other
hand, the Calcareous hydrated Lime (CL-90-S) used in the study is
obtained from burned pure limestone and manufactured in
accordance with the Spanish Standard UNE-EN 459-1 (2002). The
physical and chemical properties of both limes are shown in
Tables 1 and 2 respectively.
2.1.3. Portland Cement (PC)
Portland Cement (PC), manufactured in accordance with the
Spanish Standard UNE EN 197-1 (2000), marketed under the trade
name of CEM II B-M VL 32.5 N BS EN 197-1, 2000, was used through-
out. A single batch of the cement was used throughout this research
program. Some physical properties and chemical composition of the
PC are also shown Tables 1 and 2.Table 1
Physical properties of the Gray Marl, PC, CL-90-S, NHL-5, AF and CA.
Physical properties Clay Portland Cement (PC) Calcareous Lime (CL-90-S) N
Bulk density (kg/m3) 1750 1100 500 9
Hydraulic Index – 0.47 – 0
Blaine Value (m2/kg) – 360 700 6
Granulometry
Insoluble residue (%) – 0 4 2
Liquid Limit (%) 39 – – –
Plastic Limit (%) 26 – – –
Plasticity Index (%) 13 – – –
Colour Gray Gray White B2.1.4. Alumina Filler (AF) waste
Alumina Filler (AF) waste is generated during the valorization of
aluminum salt slags. The AF waste used for this study was supplied
by Befesa, located in Valladolid, Spain. This company specializes in
the recycling of aluminum waste and salt slag. During the recycling
process, around 110,000 tonnes per year of AF waste is generated as
secondary waste. Salt slag is generated in the Aluminum Foundries
plant, where this salt is necessary for the smelting process. Once
used, this salt is cleaned for its reutilization. During this process the
alumina ﬁller waste is generated. Tables 1 and 2 show some physical
and chemical properties of AF waste.
2.1.5. Coal Ash (CA) waste
Coal Ash (CA) waste used in this investigation was collected from
an open dumping ground located in Escucha (Teruel), Spain. Its phys-
ical and chemical properties are shown in Tables 1 and 2 respectively.
CA waste has been used as a key ingredient because of its availability.
Its use can reduce the environmental impact that arises from dump-
ing CA waste, and reduce the utilization of the commercial stabilizer
for unﬁred brick manufacture. Coal ash has been used in this study
without any pre-treatment. Converting speciﬁc waste streams such
as CA waste to a usable resource could be viewed as resource preser-
vation and environmental enhancement from a visual impact and
amenity point of view. Furthermore, the embodied energy in recover-
ing and reusing such waste for use in making non-ﬁred bricks is less
than the embodied energy used in quarrying clay.
2.2. Mix design proportion, test specimen preparation and laboratory
tests
2.2.1. Mix design composition and test specimen preparation
Table 3 reports the details of the mix compositions of the different
additives used during the experimental trials. For the entire practical
trial, 950 unﬁred clay mini bricks were prepared and tested. Twelve
major blended mixtures were considered for this trial. All the blends
were designated with a word and two numbers. The words were
used to designate the blend of binder used and the two numbers indi-
cated the blending ratio for the target materials (clay and AF waste).
Blends made using CA waste combined with Portland cement were
designated PC. Those made using CA waste and Hydraulic Natural
Lime were designated with NHL-5 and those made with CA waste andatural Hydraulic Lime (NHL-5) Alumina Filler waste (AF) Coal Ash waste (CA)
50 1200 900
.35 – –
50 – –
b100 μm b1 m
– –
– –
– –
– –
eige Gray Gray
Table 3
Mix compositions using in the experimental study.
Mix code Composition of each mix ingredient (%)
Alumina Filler
waste (AF)
Clay soil Portland
Cement (PC)
Natural Hydraulic
Lime (NHL-5)
Calcareous
Lime (CL-90-S)
Coal Ash
waste (CA)
Water
PC/0-100 0 81 3 7 9.0
PC/20-80 16.1 64.4 3 7 9.5
PC/40-60 32.2 48.3 3 7 9.5
PC/60-40 47.82 31.88 3 7 10.3
NHL-5/0-100 0 81 3 7 9.0
NHL-5/20-80 16.1 64.4 3 7 9.5
NHL-5/40-60 32.2 48.3 3 7 9.5
NHL-5/60-40 47.82 31.88 3 7 10.3
CL-90-S/0-100 0 81 3 7 9.0
CL-90-S/20-80 16.1 64.4 3 7 9.5
CL-90-S/40-60 32.2 48.3 3 7 9.5
CL-90-S/60-40 47.82 31.88 3 7 10.3
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designated the blending ratio of target compound (AF and Gray Marl
clay) respectively, for example, PC/20-80 mean 20% Alumina and 80%
Gray Marl clay. Fig. 1 shows the test samples (Unﬁred clay mini Bricks
of 125 mm × 60 mm × 40 mm) used throughout this work.
In order to optimize the compaction effort, it was necessary to deter-
minate the optimum moisture content values (OMC) for each soil-
additive combination. Moisture/density (MD) curves were established
for a static load pressure of 13 N/mm2 in order to establish the OMC
values for all mix compositions. Based on these OMC values the mois-
ture content for each combination was determined.
For the production of the unﬁred mini bricks, enough fresh material
was weighed for each combination to produce one unﬁred mini brick
test specimen. The drymaterials were thoroughly mixed in an industri-
al mixer before gradually adding the quantity of water to get the OMC
pre-determined for each combination. The ingredients were then prop-
erly mixed for about 5 min. The exact weight of mixed materials was
calculated to obtain identical test specimens throughout the experi-
mental series. The calculated amount was then loaded in the automatic
industrial hydraulic press (See Figure 2). The automatically controlled
loading pressure of the press was 13 N/mm2. The same press was
used to produce all test specimens. After compaction the fresh speci-
mens were extruded from the press. They were then stacked in a mois-
ture chamber for curing, upon covering with polythene sheeting to
prevent further moisture loss. All the specimens were labeled and
their weights recorded. The test specimens were then cured for 1, 7,
28, 56 and 90 days. At the end of the curing period, the test specimens
were tested for compressive strength and durability.
2.2.2. Laboratory tests
The unconﬁned compressive strength of each test specimenwas de-
termined from its failure load. Two 3 mm thick sheets of parafﬁn wax
(one in each loading side)were used to distribute the loading uniformlyFig. 1. The sample of unﬁred mini brick.during the testing. The test specimens were loaded in their normal ori-
entation as pressed, using a 50 kN capacity testing machine. The load
was applied continuously at a steady rate of 0.1 (N/mm2)/s up to failure
in accordance with UNE EN 772-1 (2002). Before testing for strength,
the weight of each test specimen was recorded to monitor any exces-
sive loss of moisture during the curing period, and to ensure that
there was sufﬁcient availability of water for the best development of
the pozzolanic reactions.
In order to conﬁrm the suitability of bricks made using the mix
composition investigated in a severe environment, the test specimens
were subjected to 45 freeze/thaw cycles. The method speciﬁed in UNE
67028 EX (1997) was used. The experimental cycles were then mod-
iﬁed in light of the capabilities of the available equipment to replicate
these ideals. For freeze–thaw, the specimens were held at −15 to
+20 °C for 48 h, as against 8 h for the ﬁrst cycle and 4 h for subse-
quent freezing and thawing cycles speciﬁed in the Spanish standard.
The capability of the test equipment used in this study was therefore
viewed as facilitating a more severe test method. This 48-h cycle was
repeated 45 times, and the weight losses at 3, 14, 28 and 45 cycles
recorded. At the end of the 45th freeze/thaw cycle, visible damage
on the exposed faces of the bricks was also recorded. One of the
worst elements to expose any clay to is water. When clay is put in
contact with water an interlayer penetration occurs and the layers ex-
pand several times of their dry size. In order to conﬁrm the resistance
of the test specimens in wet environments, they were subjected to
immersion in a tank of water that had the capacity to submergeFig. 2. The automatic hydraulic press used for brick making in the trial.
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were removed from the tank, the surface water on the specimens
wiped off with a cloth, the mini bricks dried to constant mass and
the water absorption recorded in accordance with UNE EN 771-1
(2003), at the ages of 7, 28, 56 and 90 days.
Notations
Rate of water absorption WWð Þ ¼
MW−MD
MD
 100%
where:
MD mass of the specimens after drying,
MW wet mass of the specimens after being removed from
the water tank.1.5
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c3. Results
3.1. Optimum moisture content (OMC) and maximum dry density
(MDD)
Fig. 4(a), (b), and (c) shows the optimummoisture content and the
maximum dry density for combination made using PC, NHL-5 and
CL-90-S blended with CA respectively. It can be seen that the densities
for all combination were very similar within the range of 1.5–
1.9 g/cm3 and OMC varied from 9 to 14% in the combinations tested.
These results demonstrated that the densities of the combination are
lower with increasing amounts of aluminum ﬁller
3.2. Unconﬁned compressive strength (UCS)
Fig. 5(a), (b) and (c) illustrates the strength development of the
combinations mixtures after 1, 7, 28, 56 and 90 days of curing. The
results demonstrate that combinations 0-100 have higher strength ca-
pacity compared with the rest. The mini brick test specimens produced
with AF waste tends to show less increase in strength relative to thoseFig. 3. Mini bricks in a water tank during the water absorption test.
1.5
CL-90-S 0-100 CL-90-S 20-80 CL-90-S 40-60 CL-90-S 60-40
Combinations
0
Fig. 4. (a): The optimum moisture content and maximum dry density of all PC-based
mix combinations. Fig. 4 (b): The optimum moisture content and maximum dry
density of all combinations made with NHL-5. Fig. 4 (c): The optimum moisture
content and maximum dry density all combinations made with CL-90-S.without AF waste. It can be noted that the 90-day strength of mixtures
without AF waste is higher than combination with AF waste.3.3. Freezing and thawing
Table 4 summarizes the result during the freezing/thawing test.
The analysis of the visual examination of the mini unﬁred bricks
after 45 freeze–thaw cycles was recorded in accordance with the
standard. No craters, surface cracks or fractures were observed at
the end of the experimental test in combinations 0–100 and 20–80.
Some fractures were observed in combinations with more than 40%
of AF at the end of the cycles (see Figure 6) except for the test speci-
men made with 60% AF waste where surface cracking was observed.
CL-90-S combinations showed very good performance at the end,
even with the higher percentages of AF added. In general, this
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Fig. 5. (a): The compressive strength development of the PC-AF combination at differ-
ent curing time. Fig. 5 (b): The compressive strength development of the NHL-5/AF
combination at different curing time. Fig. 5 (c): The compressive strength development
of the CL-90-S/AF combination at different curing time.
Table 4
Assessment of damages on unﬁred clay bricks at the end of the freezing/thawing cycle.
Description of
damage
Remarks
Fracture At the end of the cycles some fracture observed in AF samples
Surface cracks
>0.2 mm
From the beginning to the end of the cycles some surfaces crack
were observed in the sample made with 60% of AF waste
Spalling,
delamination
No sort of spalling or delamination was noted during the
entire test
72 L. Miqueleiz et al. / Engineering Geology 163 (2013) 68–74external aspect is considered good performance for stabilized clay
masonry subjected to 48-h repeated freezing and thawing cycles.
3.4. The rate of water absorption
Fig. 7(a), (b) and (c) shows the recorded water absorption at 7, 28,
56 and 90 days of curing. In Fig. 7(a), it can be seen that the blended
mixture containing PC, CA waste and AF waste, resulted to the col-
lapse of the test specimen at all test age. It was only the test specimen
with PC/0-100 combination that was able to withstand the pressure
of water, with around 8% water absorption rate at the end of the test-
ing age. From Fig. 7(b) showing NHL-5/60-40, there was a collapse
upon water immersion at all test ages as well. NHL-5/0-100, NHL-5/
20-80, and NHL-5/40-60 showed a water absorption less than 20%
with a very similar behavior between all combinations. In Fig. 7(c),
CL-90-S/0-100 combinations showed the best performance of the ex-
perimental trial all over the testing period. It can be seen that the in-
crease of AF waste increases the water absorption of the mini bricks
tested.
4. Discussion
The different experimental mini unﬁred bricks prepared in this
study case demonstrated that the performance of lime (CL-90-S) with
CA waste as binder is better than PC with CA waste performance.
Reasons for the improved performance by the lime combination are
partly due to the high free calcium content, the very high speciﬁc
surface, a good material size distribution and a good mix of pozzolanic
oxide content of the CA was which may have resulted with better
mechanical strength and hydration proﬁle. When clay soil is mixed
with NHL-5 or CL-90-S two distinct reactions occur. In the short term,
rapid ion exchange reactions occur; this is known as soil improvement
or modiﬁcation. After slower soil–lime pozzolanic reactions occur,
known as stabilization/solidiﬁcation (Boardman et al., 2001; Mckinley
et al., 2001; Oti et al., 2008, 2009). Firstly, due to the huge amount of
free calcium, the dispersed clay minerals ﬂocculate to form stronger
agglomeration of ﬁner particles, impeding water penetration and
reducing plasticity. Secondly, in a slower reaction, calcium combines
chemically with the silica and alumina in the clay minerals, or in the
additive, to form complex aluminates and silicates (Oti, 2010). In that
situation lime with CA waste has a better contribution because it has
both silica and alumina contents and can hence form complex hydra-
tion products, giving good clay soil strength. On the other hand, when
a clay soil is mixed with cement in the presence of water, hydration re-
actions take place. The C3S and C2S present in the Cement react with
water forming complex calcium silicate hydrates (C–S–H). The C–S–H
gel is formed in a very short period (relative to pozzolanic), and there
is no signiﬁcant reaction between the soil and the cement.
When different limes were blended with CA waste as binder,
higher strength developed compared to when PC was used. In prac-
tice between 1 and 3% lime is needed for modifying soil properties
and between 2 and 8% or increasing the bearing capacity of the clay
(Oti et al., 2009; Seco et al., 2011). But when a few amount of limeFig. 6. Combination PC/60-40 with surface damage (left) and CL-90-S/0-100 combina-
tion with no damage (right).
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Fig. 7. (a): Water absorption of the PC-Based specimens at different curing ages. Fig. 7
(b): Water absorption of the NHL-5-Based specimens at different curing ages. Fig. 7
(c): Water absorption of the CL-90-S-Based specimens at different curing ages.
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creased notoriously the cementations gel formation.
On the other hand, using graymarl clay as a targetmaterial and par-
tially replacing it with AF waste, the general performances are worse
compared to unﬁred clay bricks without AF replace. Compression
strength result showed that when a partial replacement is done with
AFwaste, the resistance at 90 days of curing is appreciably lower but ac-
ceptable in 20–80 combination (Figure 5a–c). The same performance
occurswhenmini unﬁred brickswith AFwaste are subjected to adverse
condition. The different interactions between the clay and the additiveused resulted in varying behaviorwhen the test specimenswere soaked
in water. Thewater absorption of the specimenswith limeswas seen as
good performance. This is thought to be because limes have the capacity
of modifying soil properties and producing good soil strength develop-
ment. Specimens with PC showed acceptable water absorption values,
demonstrating that bricks made of these mix combinations can be
used in different environments. In Fig. 7a–c, it can be seen that higher
water absorption was observed for the unﬁred bricks made with AF
waste. Water absorption increases with increasing AF waste content.
One possibility for these results is that cohesion between particles
decreases with the addition of AF waste, thus creating a more open
internal structure on the unﬁred bricks. When AF waste is added,
pozzolanic reaction can be increased.
During the freezing and thawing cycles, all the specimens did not
show signiﬁcant damage, resisting the effect of water crystallization
and associated pressure inside the specimens while AF is not added.
No surface cracks, fractures or craters were observed at the end of
the testing time in the combination without AF but behavior is slight
different when AF is introduced.
5. Conclusions
There is potential in using AF waste as a target clay replacement
material for unﬁred brick production. Although when AF waste was
introduced the performance of the unﬁred test brick specimens was
lower relative to the unﬁred brick made with only gray marls as tar-
get. However, the strength resistance and water absorption values
were within the acceptable limits for masonry unit. It is clear that
there are undoubted environmental beneﬁts of using waste material.
On the other hand, when CA waste is combined with cement or lime,
it has a potential for various binding applications. The strength char-
acteristics of the test specimens are improved by the presence of CA
waste whose combined action strongly bound the soil particles. The
results obtained suggest that there is potential for the use of blended
binders with the clay for the manufacture of unﬁred clay materials
within the building industry and for various stabilized soil applica-
tions. The following conclusions are therefore drawn from the trials:
1. A binder compound with CA waste blended with cement and lime
additives has demonstrated the ability to stabilize gray marl clay.
2. The samples made with lime and CA waste tended to achieve
higher strength values when compared with the cement and CA
waste blends. Lime and CA waste offer other beneﬁts in enhancing
the all-round performance with acceptable strength and overall
durability of the stabilized clay systems.
3. When AF waste replaces clay, the resistance is reduced but the
blend combination of 20–80 has an acceptable performance.
4. Due to the higher amount of free Ca2+ of lime, the pozzolanic reac-
tion and the accumulation of additional cementations gels were
further favored. This resulted in a better performance observed
during the experimental study.
5. The use of bio-energy waste materials such as AF waste is
recommended, especially when the materials add obvious advan-
tages of environmental beneﬁts.Acknowledgments
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